WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) Internad nal Patent Classification 6 
G01N 33/543, 33/553, 21/55 



(21) International Application Number: PCT/US99/ 12744 

(22) International Filing Date: 7 June 1999 (07.06.99) 



(30) Priority Data: 

09/094,890 



(71) Applicant: IMATION CORP. [US/US]; 1 Imation Place, P.O. 
Box 64898, Saint Paul, MN 55 1 64-0898 (US). 

(72) Inventor: CHALLENER, William, A., IV; P.O. Box 64898, 
Saint Paul, MN 55 164-0898 (US). 

(74) Agents: LEVINSON, Eric, D. et al.; Imation Legal Affairs, 
P.O. Box 64898. Saint Paul, MN 55164-0898 (US). 



Al 



(11) International Publicati n Number: WO 99/66330 

(43) International Publication Date: 23 December 1999 (23.12.99) 



15 June 1998 (15.06.98) 



US 



(81) Designated States: CN, JP, KR, European patent (AT, BE, CH, 
CY, DE, DK, ES, FT, FR, GB, GR. IE. IT, LU, MC, NL, 
PT, SE). 



Published 

With international search report. 



(54) Title: OPTICAL SENSOR HAVING OPTIMIZED SURFACE PROFILE 



150 



205" 




195 



(57) Abstract 

A method and apparatus for optically assaying a targeted substance in a sample using a sensor having an optimized groove profile. The 
optical sensor has a grooved surface defined by a first sinusoidal component superposed with one or more additional sinusoidal components 
such that a reflectance anomaly occurs at multiple resonance angles. A measure of the targeted substance in the sample can be more 
precisely calculated as a function of a change in angular distance between the resonance angles. Advantages of the present invention 
include increased sensitivity and less susceptibility to system drifts due to mechanical motion and thermal changes than conventional 
diffraction grating sensors. 
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OPTICAL SENSOR HAVING OPTIMIZED SURFACE PROFILE 

Field of the Invention 

5 This invention relates generally to the field of optical assaying, and more 

particularly to an optical sensor having a grooved surface that is optimized to 
increase sensitivity and reduce susceptibility to false measurements. 

Background of the Invention 

10 Extremely sensitive optical sensors have been constructed by exploiting an 

effect known as surface plasmon resonance (SPR). These sensors are capable of 
detecting the presence of a wide variety of materials in concentrations as low as 
picomoles per liter. SPR sensors have been constaicted to detect many 
biomolecules including keyhole limpet heniocyanin, (^fetoprotein, IgE, IgG, 

15 bovine and human serum albumin, glucose, urea, avidin, lectin, DNA, RNA, HIV 
antibodies, human transferrin, and chymotrypsinogen. Additionally, SPR sensors 
have been built which detect chemicals such as polyazulene and nitrobenzenes 
and various gases such as halothane, trichloroethane and carbon tetrachloride. 

An SPR sensor is constructed by sensitizing a surface of a substrate to a 

20 specific substance. Typically, the surface of the substrate is coated with a thin 
film of metal such as silver, gold or aluminum. Next, a monomolecular layer of 
sensitizing material, such as complementary antigens, is covalently bonded to the 
surface of the thin film. In this manner, the thin film is capable of interacting with 
a predetermined chemical, biochemical or biological substance. When an SPR 

25 sensor is exposed to a sample that includes a targeted substance, the substance 
attaches to the sensitizing material and changes the effective index of refraction at 
the surface of the sensor. Detection of the targeted substance is accomplished by 
observing the optical properties of the surface of the SPR sensor. 

The most common SPR sensor involves exposing the surface of the 

30 sensor to a light beam through a glass prism. At a specific angle of incidence, 

known as the resonance angle, a component of the light beam's wavevector in the 
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plane of the sensor surface matches a wavevector of a surface plasmon in the thin 
film. At this angle of incidence a very efficient energy transfer and excitation of 
the surface plasmon occurs in the thin film. As a result, the amount of reflected 
light from the surface of the sensor changes. Typically, the reflected light exhibits 
5 an anomaly, such as a sharp attenuation or amplification, and the resonance angle 
of an SPR sensor can be readily detected. When the targeted substance attaches 
to the surface of the sensor, a shift in the resonance angle occurs due to the 
change in the refractive index at the surface of the sensor. A quantitative 
measure of the concentration of the targeted substance can be calculated 
10 according to the magnitude of shift in the resonance angle. 

SPR sensors have also been constructed using metallized diffraction 
gratings instead of prisms. For SPR grating sensors, resonance occurs when a 
component of the incident light polarization is perpendicular to the groove 
direction of the grating and the angle of incidence is appropriate for energy 
15 transfer and excitation of the thin metal film. As with prism-based sensors, a 
change in the amount of light reflected is observed when the angle of incidence 
equals the resonance angle. Previous SPR grating sensors have incorporated 
square-wave or sinusoidal groove profiles. 

Another highly-sensitive sensor that has been recently developed is known 
20 as a "diffraction anomaly" sensor. Diffraction anomaly sensors include a 
substrate and a thin metal layer that are substantially the same as in an SPR 
grating sensor In a diffraction anomaly sensor, however, a dielectric layer is 
formed outwardly from the metal layer and protects the metal layer from 
oxidation and general degradation. Typically, a sensitizing layer is formed 
25 outwardly from the dielectric layer. Diffraction anomaly sensors, like SPR 

sensors, exhibit a change in reflectivity, referred to as a diffraction anomaly, when 
exposed with a light beam at a particular angle of incidence. Unlike conventional 
SPR sensors, diffraction anomaly sensors exhibit a change in reflectivity for light 
polarized parallel to the grooves of the substrate. When a light beam has an angle 
30 of incidence equal to the diffraction anomaly angle for the sensor, the diffracted 
light beam propagates within the dielectric layer. In this manner, the dielectric 
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layer acts as a waveguide and the controller readily detects a change in 
reflectivity. The thickness of the dielectric layer directly affects the diffraction 
anomaly. The effective index of refraction at the surface of the diffraction 
anomaly sensor changes in a manner similar to an SPR sensor when the 
5 diffraction anomaly sensor is exposed to a sample containing the targeted 

substance. Furthermore, the change in the diffraction anomaly angle is strongly 
dependent upon the amount of targeted substance present in the sample. In this 
manner, the diffraction anomaly sensor exhibits a shift in the anomaly angle that is 
comparable to an SPR sensor, even though the metal grating of the diffraction 
10 anomaly sensor is coated with a dielectric layer. Therefore, a quantitative 

measure of the targeted substance can be calculated by measuring the resulting 
shift in the anomaly angle. 

In addition to individual sensors, there is considerable commercial interest 
in multiple-sensor systems that are capable of detecting a variety of targeted 
15 substances, such as certain odors, vapors, gases and other chemical species, in a 
surrounding environment or sample. By utilizing several sensors, such sensing 
systems are capable of simultaneously detecting several targeted substances. 
Other multiple-sensor systems utilize multiple sensors to recognize the presence 
of a single targeted substance. In this configuration, the burden of recognition 
20 does not lie upon a single sensor, but rests on the sensing system's ability to 

properly interpret and recognize output patterns of the multiple sensors. Due to 
the use of multiple sensors, conventional multiple-sensor sensing systems are 
typically extremely expensive. Furthermore, conventional sensing systems are 
inherently complicated and. therefore are not very portable. 
25 Current optical sensing systems that incorporate SPR sensors or 

diffraction anomaly sensors must precisely measure an absolute shift in the 
resonance angle in order to accurately calculate substance concentration. One 
inherent deficiency with this technique is that slight mechanical changes in the 
sensor affect the angle of incidence, thereby leading to false resonance shifts. 
30 Additionally, any slight deviation in the wavelength of the incident light may 

cause a shift in resonance angle and lead to faulty results. For the reasons stated 
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above, and for other reasons stated below which will become apparent to those 
skilled in the art upon understanding the present invention, there is a need in the 
art for an optical sensor having improved sensitivity and less susceptibility to 
system variations. 

5 

Summary of the Invention 
As explained in detail below, the present invention is directed to a method 
and apparatus for optically assaying a targeted substance in a sample using a 
sensor having an optimized groove profile. The optical sensor has a grooved 

10 surface having a cross-sectional profile that has a first sinusoidal component 
superposed with one or more additional sinusoidal components such that a 
reflectance anomaly occurs at multiple resonance angles. A measure of the 
targeted substance in the sample can be calculated more precisely than with 
conventional optical sensors and is determined by measuring any relative change 

15 in angular distance between resonance angles. Preferably, the cross-sectional 
profile has a first sinusoidal component corresponding to a first harmonic of the 
profile and a second sinusoidal component corresponding to a third harmonic of 
the profile such that the resonance angles shift apart as the sensor contacts 
targeted substances. 

20 In one embodiment, the present invention is an SPR sensor having a metal 

layer formed outwardly from the surface of the substrate and a sensitizing layer 
formed outwardly from the metal layer for interacting with the substance in the 
sample. In another embodiment, the present invention is a diffraction anomaly 
sensor having a metal layer formed outwardly from the surface of the substrate 

25 and a dielectric layer formed outwardly from the metal layer. According to one 
aspect, the sensors are formed as sensor disks. 

According to another aspect, the present invention is a sensing system 
that includes a sensor having a substrate with a grooved surface. A cross- 
sectional profile of the surface has a first sinusoidal harmonic (such as the first 

30 fundamental harmonic) and a second sinusoidal harmonic (such as the third 

fundamental harmonic) such that a reflectance anomaly occurs at a first resonance 
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angle and a second resonance angle. The sensing system further includes a light 
source for exposing the sensor with a light beam and a detector for receiving light 
reflected from the sensor and producing an output signal representative of an 
intensity of the reflected light. A controller coupled to the detector calculates a 

5 measure of the substance in the sample as a function of the output signal. 

According to yet another aspect, the present invention is a method for 
assaying a substance in a sample. A sensor having a substrate with a grooved 
surface is provided, wherein a cross-sectional profile of a surface of the sensor 
has a first sinusoidal component and a second sinusoidal component such that a 

10 reflectance anomaly occurs at a first resonance angle and a second resonance 
angle. The sensor is exposed with a light beam over a range of incidence angles 
and interacted with the sample. A measure of the substance in the sample is 
determined as a function of a change in angular distance between the first and 
second resonance angles. 

15 These and other features and advantages of the invention will become 

apparent from the following description of the preferred embodiments of the 
invention. 

Brief Description of the Drawin2s 

20 Figure 1 is a schematic side view of one embodiment of a sensing system 

incorporating the optical sensor of the present invention; 

Figure 2 is a cross-sectional view of one embodiment of an optical sensor 
having a groove profile with a single sinusoidal component; 

Figure 3 is a cross-sectional view of one embodiment of an optical sensor 
25 having a groove profile with multiple sinusoidal components in accordance with 
the present invention; 

Figure 4 is a cross-sectional view of one embodiment of a diffraction 
anomaly sensor having a dielectric-coated metal grating and a groove profile with 
multiple sinusoidal components; 
30 Figure 5 is a cross-sectional view of one embodiment of a diffraction 

anomaly sensor having a plurality of dielectric layers sensitized for a variety of 
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targeted substances and a groove profile with multiple sinusoidal components; 

Figure 6 illustrates one embodiment of a sensing system for assaying a 
plurality of substances by detecting a change in light received from a rotating 
sensor disk; 

5 Figure 7 is a schematic top view of one embodiment of a sensor disk 

having a plurality of grooves formed according to the present invention and 
extending radially from a center of the sensor disk; 

Figure 8 is a schematic top view of another embodiment of a sensor disk 
having a plurality of grooves formed according to the present invention and 
10 extending radially from a center of the sensor disk; and 

Figure 9 is a schematic top view of one embodiment of a sensor disk 
having a metal grating coated with a dielectric layer varying continuously around 
the circumference of the sensor disk from a minimum thickness to a maximum 
thickness. 

15 

Detailed Description 
In the following detailed description, references are made to the. 
accompanying drawings that illustrate specific embodiments in which the 
invention may be practiced. Electrical, mechanical and structural changes may be 

20 made to the embodiments without departing from the spirit and scope of the 
present invention. The following detailed description is, therefore, not to be 
taken in a limiting sense and the scope of the present invention is defined by the 
appended claims and their equivalents. 

Figure 1 illustrates one embodiment of a sensing system 10 having a 

25 sensor 50 in accordance with the present invention. Sensing system 10 includes 
light source 20, sensor 50, detector 60, detector 65 and polarizing beamsplitter 
80. Light source 20, such as a laser, produces a light beam 25 incident upon 
sensor 50. Sensor 50 reflects light beam 25 as light beam 70 onto polarizing 
beamsplitter 80. Polarizing beamsplitter 80 splits light beam 70 into component 

30 85 and component 90 which are incident upon detector array 60 and detector 
array 65, respectively. 
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In one embodiment, sensor 50 is a surface plasmon resonance (SPR) 
sensor having a metallized diffraction grating that is sensitized for interaction with 
a targeted substance. In another embodiment, sensor 50 is a diffraction anomaly 
sensor having a metal grating that is coated with a dielectric layer as discussed in 

5 detail below. Conventional SPR sensors and diffraction anomaly sensors exhibit a 
change in reflectivity when exposed with light beam 25 at a particular angle of 
incidence known as a resonance angle. For SPR sensors, the change in 
reflectivity occurs for light polarized parallel to the grating grooves rather than 
perpendicular to the grating grooves. For diffraction anomaly sensors, the 

10 change in reflectivity occurs for light polarized parallel to the grating grooves 
rather than perpendicular to the grating grooves. As described in detail below, 
sensor 50 may be designed in accordance with the present invention to exhibit a 
change in reflectivity at two or more resonance angles. When sensor 50 is 
smeared with a sample containing a targeted substance, the effective index of 

15 refraction at the surface of sensor 50 changes. This change in the index of 
refraction in turn shifts the resonance angles at which the reflective anomaly 
occurs. The magnitude of the shift is strongly dependent upon the amount of 
targeted substance present in the sample. A quantitative measure of the targeted 
substance can be calculated by measuring the relative change in angular distance 

20 between the resonance angles. This is highly advantageous since conventional 
sensors require measurement of an absolute shift in a single resonance angle. By 
measuring the angular separation between two anomaly angles, the sensitivity of 
sensing system 10 and sensor 50 is at least twice that of conventional SPR 
sensors. 

25 Another advantage of measuring relative angular separation of multiple 

resonance angles is that sensing system 10 is less susceptible to system drifts due 
to mechanical motion and thermal changes than are conventional SPR sensors. 
Since conventional systems depend upon precise measurement of an absolute 
angle, any mechanical drift in the angle of incidence can result in faulty readings. 

30 By measuring the change in angular distance between resonance angles, sensing 
system 10 substantially reduces the effect of mechanical drifts. Furthermore, 
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another advantage of sensor 50 is that it may be designed such that the magnitude 
of the change in reflectivity is approximately equal at each resonance angle, 
thereby facilitating accurate measurement and reducing chances for error. 

After exposing sensor 50 to the sample, the new anomaly angles for 
5 sensor 50 are determined by directing light beam 25 to sensor 50 over a range of 
incidence angles. In one embodiment, sensor 50 is pivoted so as to vary the angle 
of incidence of light beam 25. In another embodiment, sensor 50 is fixed and 
light source 20 is translated so as to direct light beam 25 to sensor 50 over a 
range of incidence angles. Polarizing beamsplitter 80 splits light beam 70 such 
10 that component 85 is polarized parallel to the grooves of the surface of sensor 50 
and component 90 is polarized perpendicular to the grooves of the surface of 
sensor 50. A controller (not shown) monitors detectors 60 and 65 and 
continuously ratios the intensities of light component 85 and light component 90. 
received by detectors 60 and 65. In this manner, light fluctuations of the light 
15 source, or other system variations such as ripples in the sample, do not affect the 
calculation of the targeted species in the sample. Based on the calculated ratio 
for each sensing element for detectors 60 and 65, the controller determines new 
resonance angles and calculates a measure of the targeted substance in the sample 
based on a change in the angular distance between resonance angles. In one 
20 embodiment, the controller sounds an alarm when the calculated measure of the 
targeted substance exceeds a predetermined threshold. After sensing is complete, 
SPR grating sensor 50 may be disposed or may be washed and reused. 

Figure 2 is a cross-sectional profile of a conventional SPR sensor 95 
having surface 105 with sinusoidal grooves. The period of the groove profile of 
25 surface 105 may range from less than 0.4 jam to over 2.0 urn. Thin metal layer 
1 10 is formed outwardly from surface 105 of substrate 100 and comprises any 
suitable metal such as aluminum, gold or silver. In one embodiment, layer 110 
comprises silver having a thickness of approximately 100 nm. Sensitizing layer 
130 is formed outwardly from layer 110. Sensitizing layer 130 is selected to 
30 interact with a predetermined chemical, biochemical or biological substance 140 
contained in sample 150. In one embodiment, sensitizing layer 130 comprises a 
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layer of antigens capable of trapping a complementary antibody. Recently, 
several techniques have been developed for attaching antigens as a receptive 
material to layer 110 such as spin coating with a porous silica sol-gel or a 
hydrogel matrix. Preferably, sensitizing layer 130 is less than 100 nm thick. 

The following general equation can be used for determining resonance 
angles of conventional grating-based SPR sensors for various integers m: 



sinG sp =- 



sp - ill J^ n 2 K \2 j " 7^ sin d> sp 



. In this equation, <t> sp is the azimuthal angle of the incident light with respect to the 
grooves of surface 105, where 0° corresponds to the plane of incidence 

10 perpendicular to the groove direction, n G is the index of refraction of sample 150, 
n m + iK m is the index of refraction for metal layer 110, X is the wavelength of light 
beam 25, and p is the period of the grooves of surface 105. When the plane of 
incidence of the light is perpendicular to the grooves of surface 105, i.e. <j> 8p 
equals 0°, the general equation can be simplified to the following equation for 

15 calculating a resonance angle for each integer m: 



sin 



Furthermore, when the surface follows a single sinusoidal profile a 
dominant resonance will occur for m equal to 1 . 

In accordance with the present invention, it is observed that an SPR 

20 sensor may be constructed to exhibit a change in reflectivity at multiple resonance 
angles by forming a grooved substrate where the cross-sectional groove profile 
has multiple sinusoidal components. Each sinusoidal component of the groove 
profile has a corresponding resonance angle. If, for example, the grooved surface 
follows a single sinusoidal profile of period p, a single dominant resonance angle 

25 for m=l will be observed. If, however, the surface profile has a sinusoidal 

component of period p superposed with another sinusoidal component of period 
p/2 y an additional resonance angle will be observed for m=2. Similarly, if the 
surface is defined by a sinusoidal component of period p superposed with a 
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sinusoidal component of period p/3, the m=l and m=3 resonance angles will be 
observed. This embodiment is particularly usefijl because the resonance angles 
shift in opposite directions as the index of refraction at the surface of the SPR 
sensor changes due to contact with a targeted substance. Adjusting the amplitude 
5 (peak-to-peak depth) of the sinusoidal components controls the magnitude of the 
reflective anomaly at each resonance angle. Preferably, the SPR sensor is 
constructed such that at least two resonance angles that exhibit a change in 
reflectivity of at least 20%. 

Figure 3 is a cross-sectional view of one embodiment of an SPR sensor 
10 195 having a surface profile according to the present invention. Sensor 195 
includes substrate 200 having surface 205 formed in a groove profile that is 
defined by a first sinusoidal component of period p superposed with a second 
sinusoidal component p/3. In this fashion, sensor 195 exhibits a change in 
reflectivity at two resonance angles. In other embodiments, surface 205 need not 
15 be sinusoidal but may be any groove profile having a first sinusoidal harmonic and 
a second sinusoidal harmonic. In one embodiment, the amplitude at which the 
components are superposed is determined in order to ensure that the reflectance 
anomaly at each resonance angle is of approximately equal magnitude. 

As in conventional SPR sensors thin metal layer 210 is formed outwardly 
20 from surface 205 of substrate 195 and comprises any suitable metal such as 
aluminum, gold or silver. Sensitizing layer 230 is selected to interact with a 
predetermined chemical, biochemical or biological substance 140 contained in 
sample 150. In one embodiment, sensitizing layer 230 comprises a layer of 
antigens capable of trapping a complementary antibody. Preferably, sensitizing 
25 layer 230 is less than 100 nm thick. 

One manner of constructing conventional SPR sensors is to first deposit a 
layer of photoresist on a substrate. The photoresist is exposed with two 
interfering laser beams at appropriate angles in order to harden the resist. When 
the non-exposed photoresist is washed away, the substrate is left within a 
30 sinusoidal surface of hardened photoresist. A mold can be made from this 

photoresist for mass producing grooved substrates from a variety of plastics. The 
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. laser beams are interfered with each other according to the equation: 

' „. i- . 

sin 0, - sin <p 2 

where a? equals the period, X equals the wavelength of the laser beams and <J>i and 
(j>2 are the angles of incidence of the two beams. An SPR sensor haying a surface 
5 profile according to the present invention can be formed by interfering a third 
beam with the first beam at a third angle of incidence. For example, using a 
standard argon laser source having a wavelength of 514.4 nm, a first and second 
laser beam can be interfered at angles of incidence of 60° and 17.1° to form a 
sinusoidal groove profile having a period of 0.9 jim. Interfering a third laser 
10 beam at an angle of incidence of -58. 1° with the first laser beam will introduce a 
harmonic having a period of 0.3 |am, thereby producing a groove profile having a 
first sinusoidal component of period p superposed with a second sinusoidal 
component p/3. The amplitude of each sinusoidal component of the groove 
profile is a function of the intensity of each laser beam exposing the photoresist. 
15 Therefore, an SPR sensor that exhibits substantially equal resonance anomalies at 
each resonance angle can be easily formed. 

Figure 4 illustrates in detail one embodiment of diffraction anomaly sensor ' 
395 having a surface 405 defined by a first sinusoidal component superposed with 
a second sinusoidal component in accordance with the present invention. Thin 
20 metal layer 410 is formed outwardly from surface 405 of substrate 400 and 

comprises any suitable metal such as aluminum, gold or silver. Dielectric layer 
420 is formed outwardly from metal layer 410 and thereby protects metal layer 
410 from oxidation and general degradation. In this manner, metal layer 410 may 
comprise any suitable metal and may be selected to optimize sensitivity. 
25 Preferably dielectric layer 420 conforms to the groove profile as illustrated in 
Figure 4. The thickness and dielectric constant of dielectric layer 420 directly 
affect the diffraction anomaly exhibited by sensor 395. Dielectric layer 420 
comprises any suitable dielectric material such as silicon nitride, SiN, and is 
preferably at least 50 nm thick. Alternatively, dielectric layer 420 may have a 
30 thickness of at least 100 nm or, more preferably, at least 130 nm. 
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In one embodiment, sensitizing layer 430 is formed outwardly from 
dielectric layer 420. Because dielectric layer 420 is disposed between sensitizing 
layer 430 and metal layer 410, dielectric layer 420 prevents chemical reaction 
between the metal layer 410 and sensitizing layer 430. Sensitizing layer 430 is 
5 selected to interact with a predetermined chemical, biochemical or biological 

substance 140 contained in sample 150. In this manner, sensitizing layer 430 may 
comprise a layer of antigens capable of trapping a complementary antibody. In 
another embodiment, dielectric layer 420 is selected so as to interact directly with 
substance 140, thereby eliminating the need for sensitizing layer 430. 
10 Unlike conventional SPR sensors, diffraction anomaly sensor 395 exhibits 

a reflectance dip for light polarized parallel to the grooves of surface 405. When 
light beam 25 (Figure 1) strikes sensor 395 at one of the resonance angles, the 
component of light beam 70 polarized parallel to the grooves is not received by 
beamsplitter 80 but propagates within dielectric layer 420. In this manner, 
15 dielectric layer 420 acts as a waveguide and the controller readily detects the 
anomaly in reflectivity. 

The following equations can be used to select dielectric layer 420 such 
that a diffraction anomaly angle, 8 S p, occurs for component 85 having a 
polarization parallel to the grooves of surface 405. Using an iterative process, a 
20 wave-vector for the diffraction anomaly resonance, k x , can be calculated from the 
following equation: 
^Jzti - k; + e 01 /e 0 k; - k^)£ 2 4H? 0 - + e^kj - k;) 
+ ^W-kjj -?.V*ok5- k$ 3 iM -k- -eJe 1 k;-k;^p^iV6 1 kJ-.kJd)= 0 
In this equation, s 0 is the dielectric constant of the medium above the substrate, 
such as air or water, etc., 6i is the dielectric constant of the dielectric layer, and 82 
25 is the dielectric constant of the metal film. Furthermore, ko is a wavevector of the 
incident light in vacuum and equals 2n/X. Finally, d is the thickness of the 
dielectric layer. 
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Once the wavevector for the diffraction anomaly resonance has been 
found, the following equation can be used to solve for the diffraction anomaly 
angles, Gsp: 




5 In this equation, (J) sp is the azimuthal angle of incident light beam 25 with 

respect to the grooves of surface 405, where 0° corresponds to the plane of 
incidence perpendicular to the groove direction, n 0 is the index of refraction of 
the sample, X is the wavelength of light beam 25, p is the period.of the grooves of 
surface 405, and m is an integer. Thus, a dielectric layer having a suitable 
10 dielectric constant may be readily selected so as to suppress component 85 which 
has a polarization parallel to the grooves in surface 405 of sensor 395. 

Figure 5 illustrates one embodiment of a diffraction anomaly sensor that is 
sensitized to interact with a plurality of substances. Sensor 445 includes substrate 
450 having a groove profile that is defined by a first sinusoidal component of 
15 period/? superposed with a second sinusoidal component p/3. In this fashion, 

sensor 445 exhibits a change in reflectivity at exactly two resonance angles. Thin 
metal layer 455 is formed outwardly from substrate 450 and is substantially 
similar to thin metal layer 410 of Figure 4. A plurality of dielectric layers 470! 
through 470 N are formed along metal layer 2 1 0 and are substantially non- 
20 overlapping as shown in Figure 5. Dielectric layers 470 protect metal layer 455 
from oxidation and degradation. Each dielectric layer 470 is selected to interact 
with different chemical, biochemical or biological substance 140 contained in the 
sample. In this configuration, sensor 445 is sensitized to interact with a variety of 
substances. One advantage of this configuration is that an operator does not need 
25 to reconfigure a sensing system in order to assay different substances. Another 
advantage is that a single sample may be assayed for a plurality of substances 
simply by interacting sensor 445 with the sample, selectively exposing dielectric 
layers 470 with an incident light beam and detecting any change in angular 
separation of the corresponding diffraction anomaly angles. In one embodiment, 
30 dielectric layers 470 have substantially equal thickness of at least 120 nm. In 
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another embodiment, the thickness of dielectric layers 470 varies in order to 
optimize the sensitivity of sensor 445 to the corresponding substance 140. 

Figure 6 illustrates another embodiment of a sensing system 510 capable 
of detecting a plurality of targeted substances using a sensor constructed in 

5 accordance with the present invention. Sensing system 510 includes light source 
520, sensor disk 550, polarizing beamsplitter 580, detector 560 and detector 565. 
Light source 520, such as a laser, produces light beam 525 incident upon rotating 
sensor disk 550. Sensor disk 550 reflects light beam 525 as light beam 570 onto 
polarizing beamsplitter 580. Polarizing beamsplitter 580 splits light beam 570 

10 into components 585 and 590 which are incident upon detectors 560 and 565, 
respectively. 

In one embodiment, sensor disk 550 is a surface plasmon resonance 
(SPR) sensor having a metallized diffraction grating. In another embodiment, 
sensor disk 550 is a diffraction anomaly sensor having a metal grating coated with 
15 a dielectric layer. Sensor disk 550 is coupled to shaft 555 such that engagement 
of motor 560 causes sensor disk 550 to rotate in a circular motion in a plane 
substantially orthogonal to shaft 555 such that each of a plurality of sensitized 
regions is sequentially rotated into light beam 525. In one embodiment, a 
controller (not shown) is coupled to detectors 560 and 565 for calculating a 
20 measure of a corresponding targeted substance for each sensing region as a 
function of a detected change in light 570 reflected by each of the sensitized 
regions. In this manner, sensing system 510 is capable of easily detecting and 
measuring the presence of a variety of substances without requiring multiple 
sensors. The controller may comprise any suitable programmable logic or 
25 embedded microprocessor configured to monitor detectors 560 and 565. 

Furthermore, if complex analysis is required, the controller may employ a neural 
network or other means for analysis. 

In order to assay a sample, sensor disk 550 is typically smeared with the 
sample and motor 560 is engaged to rotate sensor disk 550. The controller 
30 monitors detectors 565 and 560 to determine the presence of any targeted 
substance in the sample. In another configuration, however, motor 560 is 
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continuously engaged and the controller monitors detector 525 to determine 
whether a targeted substance is present in a surrounding environment. In either 
configuration, sensing system 510 can be easily and inexpensively manufactured. 
Figure 7 is a top view of one embodiment of a sensor disk 600 configured 
5 for operation in a sensing system in accordance with the present invention. A 
diffraction grating is formed on a surface of sensor disk 600 such that grooves 
610 extend radially from a center of radial grating sensor disk 600. Grooves 610 
follow a profile having multiple sinusoidal harmonics such that sensor disk 600 
exhibits a change in reflectivity at multiple resonance angles. Various types of 
10 receptive materials are formed on the diffraction grating to form one or more 
sensitized regions (not shown). The period of grooves 610 increases linearly 
from the center to an outside edge 620 as measured by the linear distance 
between adjacent grooves. Therefore, the period of grooves 610 remains 
constant at a fixed radius around radial grating sensor disk 600. Figure 8 
15 illustrates a sensor disk 650 having grooves 660 that extend radially yet have a 
period that varies around the circumference of sensor disk 650. In these 
configurations, a sensor disk capable of detecting a plurality of targeted 
substances may be inexpensively manufactured. 

Sensor disks 600 (Figure 7) and 650 (Figure 8) may be configured as an 
20 SPR sensor or as a diffraction anomaly sensor. As SPR sensors, sensor disks 600 
and 650 exhibit a change in reflectivity when exposed with light polarized 
perpendicular to grooves 610. As diffraction anomaly sensors, sensor disks 600 
.. and 650 exhibit a change in reflectivity when exposed with light polarized parallel 
to grooves 610. Because grooves 610 and 670 are formed in accordance with the 
25 present invention, light beam 570 (Figure 6) exhibits multiple reflective anomalies 
where the period of the grooves of sensor disk 550 is appropriate for resonance. 
The new "anomaly positions" for sensor disk 600 are readily determined by 
translating radiation source 520, and therefore light beam 525, radially across 
sensor disk 600. However, because the period of grooves 670 of sensor disk 650 
30 vary around the circumference of sensor disk 650, the anomaly positions also 
shift around the circumference and radiation source 520 need not be translated. 
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The controller calculates a measure of targeted substances based upon relative 
changes in the respective anomaly positions for each sensitized region of sensor 
disks 600 and 650. Alternatively, the controller monitors relative changes in 
anomaly positions for each sensitized region and sounds an alarm when the 
5 calculated measure of the corresponding targeted substance exceeds a 
predetermined threshold. 

Figure 9 is a top view of another embodiment of a sensor disk 700 
configured for operation in a sensing system in accordance with the present 
invention. Similar to sensor disks 600 (Figure 7) and 650 (Figure 8) described 
10 above, constant grating sensor disk 700 may be configured as an SPR sensor or 
as a diffraction anomaly sensor. Unlike sensor disks 600 and 650, constant 
grating sensor disk 700 has a diffraction grating formed with grooves having a 
constant period (not shown). In one embodiment, the grooves of sensor disk 700 
are formed in a continuous spiral beginning at a center of sensor disk 700 and 
15 spiraling outward until reaching outside edge 730. In another embodiment, the 
grooves of sensor disk 700 comprise a plurality of concentric grooves. A 
dielectric layer is formed on the grating of sensor disk 700 having a thickness that 
continuously increases in a counterclockwise direction such that sensing region 
710 has a minimum thickness and sensing region 720 has a maximum thickness. 
20 As a diffraction anomaly sensor, it is preferable that the dielectric layer has a 

minimum thickness of at least 50 nm or, more preferably, at least 130 nm. As an 
SPR sensor, the dielectric layer must be less than 50 nm thick so as not to 
suppress the surface plasmon resonance. 

When constant grating sensor disk 700 is smeared with a sample, the 
25 anomaly positions shift around the circumference of constant grating sensor disk 
700. Therefore, the minimum thickness and maximum thickness of the dielectric 
around the circumference is selected such that changes in reflectivity are readily 
detectable yet occur within the circumference of constant grating sensor disk 700. 
Otherwise stated, the thickness of the dielectric layer has a gradient that insures 
30 the shift in anomaly positions is readily detectable, but not so large as to shift 
outside the range of the dielectric thickness. 
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Several embodiments of an optical assaying method and apparatus have 
been described. In one aspect, the present invention is an optical sensor having a 
grooved surface defined by a first sinusoidal component superposed with a 
second sinusoidal component such that a reflectance anomaly occurs at a first 

5 resonance angle and a second resonance angle. As described above, a sensor 
having multiple resonance angles may be constaicted by forming the surface of 
the sensor to follow a waveform having a plurality of sinusoidal components. 
Adjusting the amplitude of the sinusoidal components controls the magnitude of 
the reflective anomaly at each resonance angle. In one embodiment, the 

10 constructed sensor is a surface plasmon resonance (SPR) sensor having a 
metallized diffraction grating that is sensitized for interaction with a targeted 
substance. In another embodiment, the constructed sensor is a diffraction 
anomaly sensor having a metal grating that is coated with a dielectric layer. In 
another aspect, the present invention is a sensing system having a sensor disk 

15 having a groove profile so as to exhibit multiple anomalies. 

The present invention allows for improved measurement of one or more 
targeted substances in the sample by monitoring changes in angular distance 
between resonance angles. This feature increases sensitivity and reduces 
susceptibility to system drifts due to mechanical motion and thermal changes as 

20 compared to conventional diffraction grating sensors. 
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We claim: 

1. A sensor for assaying a substance in a sample comprising: 

a substrate having a grooved surface, wherein a cross-sectional 
profile of the surface has a first sinusoidal component and a second 
sinusoidal component such that light reflected by the sensor exhibits an 
anomaly at a first resonance angle and at a second resonance angle; and 

a metal layer formed outwardly from the surface of the substrate. 

2. A sensing system, comprising: 

a sensor having: 

a substrate having a grooved surface, wherein a cross- 
sectional profile of the surface has a first sinusoidal component 
and a second sinusoidal component such that a reflectance 
anomaly occurs at a first resonance angle and a second resonance 
angle, and 

a metal layer formed outwardly from the grooved surface 
of the substrate; 

a light source for exposing the sensor with a light beam; 

a detector receiving light reflected from the sensor and producing 
an output signal representative of an intensity of the reflected light; and 

a controller coupled to the detector for calculating a measure of 
the substance in the sample as a function of the output signal. 

3. The article of claims 1 or 2, further comprising a dielectric layer formed 
outwardly from the metal layer, the dielectric layer for suppressing 
reflection of incident light having a polarization parallel to the grooves of 
the surface. 
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4. The article of claim 3, further comprising a sensitizing layer formed 
outwardly from the dielectric layer, wherein the sensitizing layer interacts 
with the substance in the sample. 

5. The sensor of claim 3, wherein the dielectric layer has a thickness of at 
least 130 nm. 

6. The article of claim 3, wherein the dielectric layer comprises a plurality of 
substantially non-overlapping dielectric regions formed along the metal 
layer, and wherein each dielectric region interacts with at least one of the 
plurality of substances in the sample. 

7. The article of claim 3, wherein the sensor is a disk and the dielectric layer 
varies in thickness around a circumference of the sensor disk. 

8. The article of claims 1 or 2, further comprising a sensitizing layer formed 
outwardly from the metal layer for interacting with the substance in the 
sample. 

9. The article of claims 1 or 2, wherein the first and second sinusoidal 
components are superposed such that a magnitude of light reflected at a 
first resonance angle approximately equals a magnitude of light reflected 
at a second resonance angle. 

10. The article of claims 1 or 2, wherein the first sinusoidal component is a 
first harmonic of the profile and the second sinusoidal component is a 
third harmonic of the profile. 

11. A method for assaying a substance in a sample comprising: 

providing a sensor having a substrate with a grooved surface, 
wherein a cross-sectional profile of the surface has a first sinusoidal 
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component and a second sinusoidal component such that a reflectance 
anomaly occurs at a first resonance angle and a second resonance angle; 
exposing the sensor with a light beam over a range of incidence 

angles; 

interacting the sensor with the sample; and 

determining a measure of the substance in the sample as a function 
of a change in angular distance between the first and second resonance 
angles. 

12. The method of claim 1 1, wherein the exposing step comprises polarizing 
the light beam parallel to the grooves in the metal diffraction grating. 

13. The method of claim 1 1, wherein the determining step comprises: 

splitting a reflected light beam from the sensor into a first light 
beam having a polarization parallel to grooves in the metal diffraction 
grating and a second light beam having a polarization perpendicular to 
grooves of the metal diffraction grating, wherein the first light beam and 
the second light beam each have a corresponding intensity; and 

monitoring a ratio of the intensities of the first light beam and the 
second light beam. 

14. The method of claim 1 1, wherein the sensor further comprises a dielectric 
layer formed outwardly from the metal layer, and further wherein the 
exposing step includes the step of exposing the sensor with a light beam 
having a component parallel to the grooves of the grating. 
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